Abstract: The compatibilization effects provided by different amines in the synthesis of polypropylene/amine modified montmorillonite clay nanocomposites (PP/ A-MMT) were studied. Nanocomposites were prepared by melt processing using a twin-screw extruder, by compounding maleic anhydride grafted polypropylene (PPgMA) with MMT modified with three different amines: ethanolamine (EA), hexamethylenediamine (DA6) and 1,12-diaminododecane (DA12) to form amine modified montmorillonite "A-MMT". FTIR characterization confirmed the formation of characteristic amide linkages and X-ray confirmed the intercalation of PPgMA between the silicate layers. X-ray, scanning electron microscopy with transmission modulus (STEM), thermogravimetric analysis (TGA), rheological properties plus mechanical properties were used to characterize those nanocomposites. X-ray diffraction patterns of the composites using A-MMT showed 001 basal spacing enlargement with good clay exfoliation-intercalation compared with the natural MMT (Na-MMT). The DA12 modified MMT showed the greatest increase in basal spacing. TGA revealed that the decomposition of the composite took place at a slightly higher temperature than that of neat PP. Nanocomposites using EA or DA6 modified MMT showed a decrease in viscosity whereas those using DA12 showed an increase in viscosity. Nanocomposites using the DA12 modified MMT showed the most substantial improvement in terms of both mechanical properties and clay exfoliation. It appears that the longer the amine chain the higher the separation of the clay platelets and the higher the interactions between the clay and the polymer matrix.
Introduction
Polymer layered silicate nanocomposites have attracted great interest both in industry and in academia because they often exhibit remarkable improvement in material properties when compared with virgin polymers or conventional micro or macro structured composites. They often improve some performance characteristics of polymers such as mechanical, thermal, barrier properties, etc. However, the key challenge to realizing this potential is achieving a high degree of exfoliation or intercalation of the silicate layers within the polymer matrix using a convenient and adequate process such as melt compounding. When preparing nanocomposites by melt compounding, the exfoliation and dispersion of nanoclays in polyolefins depends on the organic modifier of the nanoclay, the initial interlayer spacing, the concentration of functional groups in the compatibilizer and its overall concentration in the composite, the viscosity of the plastic resin, and the operational conditions. Pristine montmorillonite clay usually contains hydrated inorganic cations such as Na, K, and Ca. When the inorganic cations are exchanged by organic cations, such as from surfactants and polyelectrolytes, the clay surface changes from hydrophilic to hydrophobic or organophilic [1] . The organic cations lower the surface energy and decrease the cohesive energy by expanding the interlayer distance, thus facilitating the wetting and intercalation of monomer or polymer. In addition, the organic cations may contain various functional groups that react with monomer or polymer resin to improve interfacial adhesion between clay nanolayers and polymer matrix. Complete dispersion or exfoliation of clay tactoids in a monomer or polymer matrix may involve three steps. The first is wetting the surface of clay tactoids by monomer or polymer molecules. The second is intercalation or infiltration of the monomer or polymer into the clay galleries, and the third is exfoliation of the clay layers. The first and second steps are determined by thermodynamics, while the third step is controlled by mechanical and reaction driving forces. The dispersion of clay tactoids in a polymer matrix can result in the formation of three types of composites. The first is a conventional composite that contains clay tactoids with the nanolayers aggregated in non-intercalated face-to-face form. In this case, the clay tactoids are dispersed simply as a segregated phase, resulting in poor mechanical properties of the composite. The second is intercalated polymer-clay nanocomposite, which is formed by the infiltration of one or more molecular layers of polymer into the clay host galleries. The last type is exfoliated polymer-clay nanocomposites, characterized by low clay content, a monolithic structure, and a separation between clay layers that depends on the polymer content of the composite. Exfoliation is particularly desirable for improving specific properties that are affected by the degree of dispersion and the resulting interfacial area between polymer and clay nanolayers [2] . Polypropylene (PP) exhibits an attractive combination of low cost, low density, a heat distortion temperature above 100 °C, and extraordinary versatility in terms of properties, applications, and recycling [3] . Recent studies have reported the effect of processing variables, organoclay structure, and polymer-clay interactions on the uniform dispersion and exfoliation as well as on property development of polyolefin-clay nanocomposites [4] [5] [6] [7] . Clay exfoliation has been achieved by compounding organomodified montmorillonite (MMT), using maleic anhydride grafted polypropylene (PPgMA) and PP homopolymer by melt compounding [8] [9] . From this background, it has become clear that unmodified polyolefins lack the intrinsic thermodynamic affinity with the organoclay to form well exfoliated nanocomposites [7, 10] . Attempts to fully exfoliate clay particles in PP have confronted many challenges mainly because of the mismatch in polarities between inorganic clay and PP organic matrix. Even considering that PP based nanocomposites containing PPgMA are not as well exfoliated as those based on more polar polymers such as polyamides [11] [12] [13] , this system represents a potentially commercially attractive approach. In thermoplasticbased nanocomposites, the mechanical properties of the material may vary strongly, depending on the nature of the interactions between the matrix and filler. Exfoliation of clays has been achieved when compounding with stearyl-ammonium-exchanged montmorillonite (MMT). Some authors [14] [15] [16] have reported the use of amines as swelling agents for MMT when preparing clay/polyamide nanocomposites. Moon et al [17] reported the MMT modification with a diamine and its effect on PPgMA-clay exfoliation. Recent reports [18] [19] [20] have focused on using amine modified PP as a compatibilizer in PP-clay nanocomposites. The exfoliation observed in these systems could be related to polar and chemical interactions that occur between the maleic anhydride and the amine groups through an amination-imidation reaction.
The purpose of this work was to study the effect of three different amine modified montmorillonites on the clay exfoliation and on the properties of PP/ PPgMA/ A-MMT nanocomposites. PPgMA/MMT masterbatches were first prepared where simple amidation between the maleic anhydride of the PPgMA and the amine of the A-MMT took place. The PP/PPgMA/MMT nanocomposites were thereafter characterized by structural, thermal, rheological and mechanical properties.
Results and discussion

FTIR characterization
FTIR was used to characterize the amine modified clays and the nanocomposite structures. Figure 1 compares the IR spectra of the modified clays with the pristine Na-MMT. Figure 1-a, for Na-MMT, shows the characteristic absorption bands for an inorganic clay such as those at 3628 and 1045 cm -1 associated with -OH stretching of the lattice water and Si-O stretching of MMT silicate. Figures 1-b to 1-d , for the amine modified clays, show the characteristic absorption bands of an inorganic clay, but also an absorption band at 1654 cm -1 attributed to primary amide C=O (amide I) stretching, plus a new absorption band near 3000 cm -1 which could be attributed to N-H stretching, even though it is reported to appear near 3200 cm -1 . This confirms the generation of the new amine groups on the modified clay which could be attributed to the ion exchange reaction where the cations of the protonated amine might have interchanged with the sodium ions of the Na-MMT (see Figure 2 ). This ion-exchange reaction between chloride or bromide salts and Na-MMT to promote a swelling effect on the clay has been reported by other authors [21] . can be observed which could be attributed to the imide absorption band which suggests the formation of imides in this reaction as is explained in Figure 2 . This confirms that the amidation reaction took place during the compounding. The reaction between an amine and an anhydride unit shown in Figure 2 first leads to an amine and a carboxylic acid or amic acid; this is a very fast reaction and can happen even at room temperature. The subsequent cyclization step in which imides are formed is comparatively slower and reversible but can be effectively completed at melt processing temperatures. It has been reported [21] that when a swelling agent having double NH 2 end groups was used, one end group NH 3 + still formed an ionic bond with the silicate layers, but the other end group NH 2 of the swelling agent can react with the anhydride end group either in poly(amic acid) or carboxylic acid. Figure 3 shows the X-ray diffraction (XRD) patterns of the Na-MMT and amine modified clays. The patterns of the amine modified clays were essentially the same as those of the pristine Na-MMT, except for the peak corresponding to 001 reflection which is associated to the crystalline structure of the clay. This confirms that all the modified clays retained the crystalline structure of the pristine Na-MMT. But in addition, it was observed that the peak position of pristine Na-MMT occurred at 2 = 7.5° (1.16 nm), whereas those corresponding to the EA, DA6 and DA12 modified MMT occurred at 2 =7.1° (1.22 nm), 2 =6.8° (1.28 nm) and 2 =6.6° (1.32 nm), respectively. That is, all the amine modified clays presented higher inter-gallery spacing than that of natural clay. Very similar intergallery spacing was obtained for the AE and DA6 modified clays, whereas the DA12 modified clay produced the smallest angle and the highest intergallery spacing. This is in agreement with the FTIR results, in the sense that an interchange ion reaction takes place and that the amines separates the clay galleries from each other, according to the reaction in 
X-Ray characterization of the clays
Rheological behaviour
In order to understand the processability of the modified clay-polymer nanocomposites, the final stage of any polymeric material, one must understand the rheological behaviour of these materials in the molten state. Understanding the rheological properties of these nanocomposites is not only important in gaining fundamental knowledge of the processability, but is also important in understanding the structure-property relationship in these materials. Figures 4-6, show the shear rate dependence of the viscosity and shear stress for neat PP and the PP/clay nanocomposites at 180 °C. The range of shear rates examined covers the shear experienced during most polymer processing techniques. All the examined materials showed a shear-thinning non-Newtonian behaviour in the whole shear rate range. All the figures indicate that the viscosity continuously decreases with increasing shear rate, that is, the shear thinning behaviour occurs for all the systems. This behaviour, typical of polymer melts, results from the disentanglement process and the increase of the average end to end distance of polymer chains caused by shearing. This shear thinning behaviour of the PP-clay nanocomposites indicates that their rheological properties depend on the viscoelastic characteristic of the polymer matrix. Figure 4 , for PP and PP/ 2 wt% clay nanocomposites, show a non-linear response for all samples except at very low shear rates. This indicates that these materials follow the power law, producing a power law index (n) lower than 1 which is indicative of a shear thinning nonNewtonian behaviour. Figure 5 shows the rheological behaviour of PP and PP/ clay composites at 4 wt% clay which was very similar to that observed for samples with 2 wt% clay. It can be seen that the viscosity of the Na-MMT, as well as that of the EA and DA6 modified MMT nanocomposites is lower than that of the pure PP, whereas the viscosity of the DA12 modified MMT nanocomposites is higher. The first case has been attributed by other authors [22] to the adsorption of high molecular weight fractions on the clay surface and the lubrication flow effects brought about along the particle-polymers interface. This behaviour may also be associated with the lack of interactions between PP matrix and silicate layers that would decrease the shear viscosity of the composite. The second case, on the other hand, could be attributed to strong interactions between the PP matrix and the silicate layers via formation of chemical bonds as is described in the reaction scheme on Figure 2 . This suggests strong interactions between the amine end groups of this DA12 modified MMT and the maleic anhydride groups of the modified PP. These strong interactions could inhibit the chain flexibility and increase the composite shear viscosity. Additionally, at high shear rates, the viscosity of the nanocomposites is comparable to that of the pure PP matrix, thus they have similar processability. Or, stated in another way, at high rates of deformation the polymer matrix viscosity difference between pure PP and the composites was minimal. This suggests that the clay layers become strongly oriented toward the flow direction at high shear rates, which causes the shear viscosity of the nanocomposites to become nearly equal to that of neat PP. This later effect may also be associated with the slippage of polymer chains over the nanoclay platelets [23] . The obtained rheological results are in agreement with those reported by other authors [24] [25] [26] [27] .
The obtained rheological results suggest that the observed changes in viscosity for the different amine modified clay composites might be attributed to the different exfoliation-intercalation degree obtained for each modified clay. For a similar modified clay loading the composite viscosity is increased when the size and number of clay aggregates is reduced or when these clay aggregate layers are more exfoliated. For example, when using the DA12 modified clay, higher exfoliation is expected, as will be discussed below, which would increase the melt viscosity mainly because the favoured interactions between modified clay and polymer. In other words, for a similar modified clay loading, and similar degree of interactions, a better exfoliation-intercalation degree would produce an increase in melt viscosity of the polymer-clay composite. Figure 6 shows the rheological behaviour of PP and PP/ clay composites at 6 wt% clay which was very similar to that observed for samples with 4 wt% clay, except for the DA12 modified MMT, whose viscosity is lower than those observed at 2 and 4 wt% DA12 MMT, which suggest that at this clay level the amine and maleic anhydride interactions are not so strong because as clay concentration increases the attractive interaction between silicate platelets is more significant than the interactions between polymer and silicate platelets, as was reported by Koo et al [28] and Chen et al [29] . 
Mechanical properties
It is known that a homogeneous dispersion of clay nanolayers in a polymer matrix provides maximum reinforcement via load transfer and deflection of cracks resulting from an applied load. Interactions between exfoliated nanolayers with large interfacial area and the surrounding polymer matrix lead to higher tensile strength, modulus, and thermal stability. Conventional polymer-filler composites containing micron-size aggregated tactoids also improve stiffness and modulus, but at the expense of tensile strength, elongation, and toughness [30, 31] . The modulus, tensile strength and elongation at break for PP and the clay polymer nanocomposites are presented in Table 1 . The absolute mechanical properties for neat PP and their composites containing different modified clay content are listed in order to analyze the effect of type and content of the modified clay. It can be seen that the modulus and tensile strength in all cases increases with the addition of clay. When using unmodified clay (Na-MMT), the increase in modulus and tensile strength is quite small, this could be related to the minimal interactions between this clay and the polar groups of PPgMA. Apparently, the exfoliation achieved in this case is very poor, resembling a composite with conventional micrometric fillers [32] . The nanocomposites with the EA and DA6 modified clays show a more noticeable increase in modulus and tensile strength, which compared to PP was around 30% on tensile strength and 37% on modulus for the EA modified clay and around 18% on tensile strength and 41% on modulus for the DA6 modified clay. In addition, a continuous increase in modulus with increasing clay content can be observed for both modified clays. The elongation at break decreases with the increase in clay content and only at lower clay contents can higher values of elongation at break be observed compared with the neat PP. This reduction in deformation could be attributed to the fact that the inorganic filler particles are rigid and could not be deformed by external stress in the specimens but acted only as stress concentrators during deformation process. It can be said that these EA and DA6 modified clays show certain degrees of interactions with the polar groups of maleic anhydride as observed in the slight improvement on mechanical properties, these interactions being more favoured for the DA6 modified clay.
For the DA12 modified clay, a more significant increase in mechanical properties is observed, especially in modulus. This improvement in modulus becomes higher with increasing clay loading. However, no significant change is observed when increasing the clay loading from 4 to 6 wt% which suggests that the optimum clay content is around 4-6 wt%. Among the three modified clays, those based on DA12 produced the highest modulus, around 63% above that of neat PP. This suggests that this amine modified clay produces very strong interactions between the amine end groups of the modified clay and the maleic anhydride groups of PPgMA. These results agree with the STEM and XRD observations below. Figure 7 shows the XRD patterns of the unmodified clay (Na-MMT) and a series of nanocomposites with the amine modified clays at 2 wt%. The original basal reflection peak of Na-MMT appears at 7.5°, which corresponds to an intergallery spacing of 1.16 nm, and as was discussed above, the peak for EA, DA6 and DA12 modified MMT appears at 2 = 7.1° (1.22 nm), 2 = 6.8° (1.28 nm) and 2 = 6.6° (1.32 nm), respectively. Whereas the reflection peaks of the nanocomposites with EA and DA6 modified clays shift to lower angles: 6.72 and 6.48° respectively, which would correspond to an intergallery spacing of 1.31 and 1.36 nm respectively. The reflection peak of DA12 modified clay nanocomposites, on the other hand, shifts to a much lower angle, equal to 4.24°, indicating a more significant increase in intergallery spacing of 2.08 nm. It can be observed that for all the modified clay composites the diffraction peak shows a notable decrease in intensity. Vaia et al [33] proposed that an increase in the inter-gallery spacing, which is related to the intercalation of the polymer through the clay galleries, results in a new diffraction pattern corresponding to the increased spacing of the clay galleries. According to these authors the degree of intercalation in the hybrid composite could be determined by changes in the sharpness and intensity of the corresponding reflection peaks. The sample with the DA12 modified clay shows a notable decrease in intensity and the lowest peak angles, which may indicate the possibility of having exfoliated or intercalated silicate nanolayers of clay dispersed in the PP matrix. This could be attributed to the strong interaction between the amine end groups of the modified clay and the maleic anhydride groups of the PPgMA. Fig. 7 . XRD patterns of NaMMT and PP/PPgMA/amine modified clays nanocomposites with 2 wt% of clay. Figure 8 shows the diffraction patterns for the clay and nanocomposites with amine modified clays at 4 wt%. Similar behaviour to that at 2 wt% can be observed but with lower peak angles and higher intergallery spacing. The DA12 modified clay composite does not show a distinctive basal reflection, which is consistent with a more well dispersed or exfoliated structure. However, there is a slight hint of curvature that could be interpreted as an extremely broad peak suggesting that this system could be highly exfoliated or intercalated. The sample with the DA12 modified clay shows the most notable decrease in intensity and the lowest peak angles at 3.9° corresponding to the highest intergallery spacing of 2.22 nm. This indicates that a better degree of exfoliated or intercalated structure could be obtained at this clay content suggesting stronger interactions between amine end groups of the modified clay and PPgMA. It can be observed that the scan for the unmodified clay nanocomposite (PP/NaMMT) at 4 wt% reveals an intense peak at almost the same angle and intergallery spacing as the neat clay which suggest that no interactions are taking place between this unmodified clay and the PPgMA.
X-ray diffraction
The samples with 6 wt% of modified clays ( Figure 9 ) show more defined peaks, especially those with the DA6 and DA12 modified clays, at 6.77° and 4.24° respectively, with an intergallery spacing of 1.30 and 2.08 nm respectively which are lower than those obtained for the 4 wt% loading. This may imply that at this 6 wt% clay content there was a certain amount of clay that could not be fully intercalated into the PP matrix. It may be assumed that, at this relatively high content, the clay concentration has surpassed a certain saturation level, applicable to this polymerclay combination. These results are in agreement with the obtained mechanical properties results. This indicates the possibility of obtaining a more dispersed and exfoliated structure in the samples with DA12 modified clay. However, these assumptions need to be confirmed by STEM analysis. It has been reported that the polar groups in the organic clay modifier have an important effect on the interactions with the polymer matrix [34] . In accordance with the assumed interactions between the polar end groups of the amine on the surface of the modified clay and the maleic anhydride of the PPgMA, presented in Figure 2 , it was thought that all the amine modified clays would produce better exfoliation and dispersion in PP nanocomposites. However, the magnitude observed for the absorption peaks of the EA and DA6 modified clays is clearly more pronounced but their shift to lower angles was less than that observed for the DA12 modified clay.
The XRD results showed a greater intergallery spacing for the DA12 modified clay which indicates that this amine exhibits a much stronger interaction with the PPgMA. This could be attributed to the amine chain length. That is, the longer the amine the higher the spacing between clay galleries that could be achieved, which in time could favour the polymer penetration and allows the chemical interaction between the polar groups of both species. The DA12 amine with a chain length of 12 carbon atoms compared to DA6 and EA, with 6 and 2 carbon atoms respectively, could favour the separations of the silicate layers and enhance the interactions with the modified polymer. However it is difficult to draw a more reliable conclusion from the XRD study about the structure. Thus STEM analysis was carried out in order to compare the morphological characterization of the nanocomposites. Transmission electron microscopy Figure 10 shows STEM images of the nanocomposites formed with the different modified clays. The PP/Na-MMT composite (Fig 10-a) contains many large aggregates of micro sized particles, which means the PPgMA does not exfoliate the non polar surface of the unmodified clay. The EA modified clay composite (Fig 10-b) show a slightly better degree of exfoliation-intercalation of the organoclay; while the DA6 modified clay (Fig 10-c) shows a more homogeneous structure in some regions in which most of the particles can be seen as individual platelets indicating good but not complete exfoliation of the modified clay. On the other hand the DA12 modified clay (Fig 10-d) composite gives the best exfoliation of the clays showing well dispersed clay layers and a more intercalated-exfoliated structure with only a few visible tactoids. This is in complete agreement with the observed mechanical properties and the XRD results in which the nanocomposites with this modified clay exhibited the highest interlayer spacing.
Thermal characterization
TGA curves at a heating rate of 10°C/min, as shown in Figure 11 , were obtained from the thermal degradation of plain PP and nanocomposites containing 4 wt% of the different amine modified clays. It can also be observed that all clay nanocomposites show higher degradation temperatures than the pure PP. In addition, this figure shows the temperatures at which the samples begin to lose weight (designated as initial decomposition temperature). First, it can be observed that the initial decomposition temperature of all nanocomposites is higher than that of the pure polymer. Second this decomposition temperature of the clay nanocomposites increases, in the following order: with Natural Na-MMT, MMT-EA, MMT-DA6 and MMT-DA12. Considering the points of maximum rate of decomposition, obtained from a graph of the weight loss derivative versus temperature, not shown here, the neat PP sample shows an initial decomposition temperature around 310 °C, the unmodified clay shifted this temperature to 340 °C, meanwhile the EA and DA6 modified clay composites show an initial decomposition temperature at 355 and 360 °C respectively. On the other hand the initial decomposition temperature of the DA12 modified clay was 375 °C. That is, the higher the chain length on the amine modified clay, the higher the increase in the initial decomposition temperature, which could be attributed to a better clay intercalation-exfoliation due to the higher compatibility between modified clay and modified polymer. On the basis of the fact that inorganic species have good thermal stability, it is generally believed that the introduction of inorganic materials can improve the thermal stability of these composites. This increase in thermal stability could also be attributed to the high thermal stability of clay and to the interaction between the polar groups on the surface of the clay particles and the polar groups of the modified polymer. This increase in the initial decomposition temperature for DA12 modified clay nanocomposites, of about 65 °C, as compared with the neat polymer, might be taken as an indication of the occurrence of clay intercalation -exfoliation, since the intercalated or exfoliated clay will act as a barrier for the diffusion of atmospheric oxygen into the material, inhibiting the polymer decomposition [35] . This confirms that a chemical reaction between PPgMA and amine modified clays must have occurred. Fig. 11 . TGA thermograms of PP, PP/PPgMA/NaMMT and PP/PPgMA/ amine modified clays nanocomposites.
Discussion
A simple scheme was used here to produce amine modified clays by an ion exchange reaction of natural clay with different types of amines. These modified clays were reacted with PPgMA and then melt compounded into PP-Clay nanocomposites. The purpose of the current work is to determine the effect of the amine chain length on the degree of exfoliation in order to prepare PP-clay nanocomposites with different degree of performance. Thus, preparation of nanocomposites from both natural (Na-MMT) and three different amine modified clays was explored using a melt compounding approach. Almost no exfoliationintercalation was achieved with Na-MMT whereas a better exfoliation was observed with the amines of 2 and 6 carbons and the best exfoliation was observed for the amine with 12 carbons in length. The initial assumption is that the longer the amine chain length the higher the spacing between clay platelets that can achieved, and thus a better polymer penetration and interaction with the end groups of the amine modified clay.
Conclusions
We report here a scheme to produce amine modified clays using an ion exchange reaction. The amine modified clays were melt mixed with PPgMA and PP to see the effect of the amine chain length on the degree of exfoliation and performance of the nanocomposites. Evidence of the modification of the clay with the different amines was obtained and the amidation reaction between amine and maleic anhydride groups was confirmed. Rheological, mechanical and thermal properties, x-ray diffraction and transmission electron microscopy results show that the amine with the higher chain length (1,12 diaminoduodecane) formed highly exfoliated-intercalated nanocomposite. It appears that the longer the amine chain the higher the separation of the clay platelets and the higher the interactions between the clay and the polymer matrix.
Experimental part
Materials
The materials used in this work are described in Table 2 . The PP matrix polymer is of commercial grade from Indelpro (Valtec HP423M) with a melt index of 3.8 g/10min.
The PPgMA used was PB3200, supplied by Cromton, which contains 1 wt% maleic anhydride groups. This material has been used in other studies with excellent results on the exfoliation of organoclay in PP nanocomposites [36] [37] [38] . It has a relatively high melt index, which results because of the chain scission that accompanies the grafting process. Such materials are commonly made by reactive extrusion of PP with maleic anhydride and peroxide [39] . The free radical produced by the peroxide abstract hydrogens from the carbon backbone of the PP chain. These reactive sites allow the grafting of maleic anhydride, but the hydrogen abstraction also leads to chain scission of the PP backbone at this point.
The sodium montmorillonite (Na-MMT) used was from Southern Clay Co. The idea was that the amine groups should interchange with the sodium ions of the Na-MMT, increasing the inter-gallery spaces in the MMT and facilitate the exfoliation. 
Preparation of organophilic clays
First, Na-MMT was dispersed in deionized water and then the specific amine and HCl were added under constant agitation. The precipitate was then repeatedly washed with water in order to remove the excess amine. The resulting clays were then dried and ground in a ball mill.
A PPgMA/A-MMT master batch containing 50 wt% of A-MMT was prepared in a reactor previously charged with 400 ml of 1,2,4-trichlorobenzene followed by the addition of 94 g of PP-g-MA and 94 g of the corresponding amine modified clay. Titanium butoxide was used as a catalyst for the amidation reaction and the temperature was raised up to 155 °C with continuous agitation. The reaction was terminated after 24 h by quenching the reaction to room temperature. The precipitated products were thoroughly washed with methanol and then dried under pressure. This was done according to a previously reported method [17, 40] .
Preparation of nanocomposites
The corresponding amounts of pure PP, PPgMA/A-MMT master batch and PPgMA were melt blended in a twin screw extruder W&P ZSK-30 , operating at 300 rpm within a temperature range of 180-190 °C. The obtained pellets were compression molded at 200 °C and 5 tons into sheets 0.1 mm thick.
Characterization
The Fourier transform infrared spectra were recorded on a Nicolet 550 at 4cm -1 of resolution and 30 scans. X-ray diffraction of the modified clays and nanocomposites, in order to evaluate the evolution of the clay d 001 reflection, was performed in a Siemens D5000 using CuK X-ray radiation. The X-ray samples were obtained form compression moldings in order to reduce a preferred orientation of the clay. Ultrathin sections for STEM analysis, approximately 70-100 nm in thickness, were cut from compression molded samples, with a diamond knife using a Leica microtome. The STEM observations were performed with a Jeol-JSM7104F with a STEM modulus and a field emission gun at an accelerating voltage of 200 kV. Tensile properties were analyzed on an Instron model 4301 upgraded for computerized data acquisition. Moduli were determined using an extensometer at a crosshead speed of 0.51 cm/min. The rheological behavior was measured with a capillary rheometer (Instron 4467), using a die with an L/D of 27.55 and D equal to 1 mm, at 195 °C. Thermogravimetric (TG) analyses were carried out with a TA Instruments TGA-Q500 analyzer; the analyses were carried out at a heating rate of 10 °C/min under a nitrogen flow.
